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1. Ƅ˱  
1.1 ǨȊ EL 
 ǨȊW^txpig(Electroluminescence  ʹ EL)ʑŐ7\eĺǵ4ň͗ɽ
-Wx]˷ʾ6Ū3ig0ÈˑĔʱ0K1Iȍ¡º6ɜàʑŐ1"/ǪƔ 










̰͛ü̂ɆƪI6gĎ̌OĔʱ4"ͨɜàƣ(IQEmax = 100 %)OřɊ")[17,18]""ɺṴ̄
̳ŰOĝB1IɍŁ˷ʾͨÌʘ̲ñ̈́ LK32ˮ͡KǖȿȠƣỵ̈Ɗˈà






















1.4 ëŐ65#L1|p\_Ȃ̟4HKɜàñƚ  
 ëŐ65#LȂ̟E|p\_Ȃ̟6Ņÿ4H,/ɜàƣŅÿ$K1ɪIL/K5#
LȂ̟6Ņÿ6Ë1"/7è͎Ǡ4ɜàƣOɱ$è͎˩̂ɜà (Aggregation Induced 
Emission : AIE)ɅƣOǨ$KZOëŐͧǻ4Ǩ$KRti˩ŨÆ0K[35]řͦ1
͓Őʍ6Wx]326ɄƣO͓ŐşƆI˞ʈ$K1Ĕʱ3şƆȗ́ǏɌ˱(density 
functional theory : DFT)˞ʈHJİÆ¤4/Z̬ë6Ĭ̌$K10ķëŐ
å͓ʾɹþ(TICT)̂K1Oɱ"ą6ëŐI3KʖǡIWx]ȰÃ6ɛ3Kˈà
ɜàɜɊĔʱ3ëŐɆƪŒĳ$K1OǝI4") I4ǭëŐͧǻ Crystallization 
Induced Emission Enhancement (CIEE)ƼþOŨ/K1OǝI4"/K(Fig. 1-1 a−b)@)
AIEǮǒ7ŚȬǱ¼0ɀàɜàOɜɊ$K1DɪIL/K 
 
Fig. 1-1. (a) LEˈà1 TICTɜà6Wx]ȰÃį1ëŐ65#LȂ̟6Ņÿ. (b)ȱŏ̧4HK
ɜàƣ6Ņÿ. 
 
  I4ëŐ|p\_6Ņÿ4ÀąëŐɆƪ6ɀà17ɛ3K I4̼ȝ͞Ĺ4ɀàɜà
OɜɊĔʱ43K1DɪIL/K[36]ǭëŐ7 π−πɥ¯Èɑ4HJ̰ĊŐOĝB13ǨȊ
ǮǒIŚȬǱ¼0ɀàɜàɜɊOĔʱ4"/K(Fig. 1-2 a−b) 
 
Fig. 1-2. (a) PhTCz6ëŐȂ̟. (b) |p\_Ņÿ4HKreWx]Ņÿį. 
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1.5 ǭɭɾ6ɣɞ  
 ǭɭɾ6ɣɞ7ƘǲɝʺɜàɜɊ6͌6ˮ͡0,)̰ĊŐ̳ŰE˒͏3ëŐˡ˞Oƞ˓1
"3ą6bxt0ɝʺɜàOɱ$ǨȊǮǒO̿ɜ$K10KǭǮǒ6ëŐˡ˞
4/ TADFǮǒ6Ǯǒˡ˞Oĺ4Highest Occupied Molecular Orbital (HOMO)OZ{l
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2. řͦǖȜ  
2.1 ǭɭɾ0Êɑ")ÿĘɄǮǒ  
 ʅ 1ʂ0Êɑ")ǮǒO Fig. 1-31ˋ 1-14ɱ$@)ǭÿĘɄ 1−57bwZymǺƋ¾ɲ
ŲɒĦ©Ćń4HJĘƫ L)˧ʓ3Ęƫ͛NMRëǶʆ7¹̹ 54ˠ̐$K 
 
 
Fig. 1-3. ǭɭɾ0Êɑ")Ǯǒ 1−56ëŐȂ̟. 
 
ˋ 1-1. ELs{Tg0Êɑ")Ǯǒ. 
MoO3 ́ǳÿŔǺƋ¾ɲ 




LiF Sigma-Aldrich Co. 
Al ǺƋ¾ɲͨʐƆÿŔɭɾƮ 
 
2.2 ǭɭɾ0Êɑ")ˏʪ  
 ʅ 1ʂ0Êɑ")ǮǒOˋ 1-24ɱ$ 
 
ˋ 1-2. ʅ 1ʂ0Êɑ")ˏʪ. 
1H and 13C NMR JNM-LA400 Ǜǭ͓ŐǺƋ¾ɲ  
GPC LC-9101 ǛǭëǶŸǿǺƋ¾ɲ  
HPLC LC-2000Plus series ǛǭëàǺƋ¾ɲ 
XʟĬƳ Miniflex600,Smart lab ǺƋ¾ɲ[^ 
ĞààƆ˞ U-3000 ǺƋ¾ɲǛʁzTr^cTWg 
ëàˈààƆ˞ F-7000 ǺƋ¾ɲǛʁzTr^cTWg 
ˈàŤģȭŘˏʪ C11367-1 ȢǴXtw^gǺƋ¾ɲ 
FT-IR FT/IR-4200 ǛǭëàǺƋ¾ɲ 
ʙţ PL̲ŐďɉȭŘˏʪ C11347 ȢǴXtw^gǺƋ¾ɲ 
EL˥Îˏʪ CS-1000A/ CS-2000 bwZymǺƋ¾ɲ 
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2.3 PLUV˥Îʳ6ÈˑǖȜ  
2.3.1 ɦɿ˃ɧʳ  
 ĺǵ7 3cm˚6ɬʼĺǵOÊɑɦɿƆ˃ɧ̞Ɔ7'L(L 5.0 x 10–5 Pa1.0 Å s–16Ǳ¼0
30 nmƫʳ")'6ƖňȓƑ͙ǨȼO˙ȭ$K)C4ƫʳƖ6˅ʳ4ţ"[g\p_
OňȓƑ͙ȼ˗Ĕʱ3ʀʑ͒Įȓ(̯ʑȶƆ 10 ppmȔëȶƆ 3 ppm)6_p^g(GB)
4/ˉ,) 
 
2.3.2 gbtʳ  
 ĺǵ7 3cm˚6ɬʼĺǵOÊɑƫʳ7ʀʑ͒Įȓ6 GB0řǗ")ãÆ6İƐëȶƆ7
0.75 wt%4˯ȥ"gbtȜ(500 rpm, 30 s)0 50 nm6˅ʳOÈˑ")'6Ɩ GBå0 130°C  
6ptt0 30ëùȿªɁ") 
 
2.4 ELs{Tg6ÈˑǖȜ  
 3 cm˚6[gĺǵ4ƫʳ L) ITO (110)ĺǵ4ɦɿ˃ɧȜOɑ/͜4 MoO3 (3 nm)
mCP (10 nm)1 (100 nm)TBPi (20 nm)LiF (0.5 nm)Al (100 nm)Oƫʳ")ėǮǒ6˃ɧ̞Ɔ







3. ʖǷʭŢ  
3.1 ǮǒɅƣ  
 Fig. 1-44WinmosterHJǦ̨ÿȂ̟")ëŐ 16ëŐ̥̊˞ʈOɱ$(ȗ́Ǐ7 B3LIPĺƅ́
Ǐ7 6−31G*OÊɑ)HOMO7 Cz̬Ã4LUMO7 DBF̬Ã4ëż$K1¬ȭ LKë
Ő̥̊˞ʈHJHOMO = −5.21 eVLUMO = −1.21 eV1ǁŘ LK 
 
Fig. 1-4. (a) 16ëŐȂ̟1 HOMO(͔)−LUMO(̀)6ȁəį. ëŐ 16Ǧ̨ÿȂ̟1'6Ǡ6(b) 
HOMO1(c) LUMO6ëżį. 
 
3.2 ɜàɅƣ  
3.2.1 ȱȥɆƪ6ɜàɅƣ  
 16 2-MeTHFȱȥ([1] = 1.0 x 10–5 M)6ŚȬ(298 K)Ǳ¼4Kɜàg^tO 280 nm6ü
̂à(λex)0ȭŘ")ʖǷ0-01 0-1{u4ţƟ$Kɜàȝ̼(λem) 350 nm1 365 nm4^tp
Oɱ$ˈàɜàO˙ȭ")(Fig. 5a)ǖ N2[g{_O 5ë̀řǗ$K1ƛƍ3Iλem 
= 441, 475 nm4^tpOǨ$KǕ)3ɜàO˙ȭ")(Fig. 1-5 a inset)̯ʑŒĳ07ɜɊ
"31I6Ǖ)3ɜà7 1I6ɀàɜà1ʭILK6ɜà 1I6ɀàɜà
2ɯ˨$KȻ4ÄȬ(77K)Ǳ¼6ȱȥg^tO˙ȭ")1Mλ = 340–390 nm6ß̷
ÿ")ˈà{u(0-0, 0-1, 0-2, 0-3)4ùλ = 420–500 nm4ǝɯ3à{u(0-0, 0-1, 0-2, 0-3, 




Fig. 1-5. ëŐ 16 2-MeTHFȱȥ6 298 KǱ¼ (a, ͫ: N2{_ȼ, ̀: N2{_Ǩ)1 77 
KǱ¼(b)4Kɜàg^t. 
 
3.2.2 ˅ʳɆƪ6ɜàɅƣ  
 ȍ4ɦɿ˃ɧȜ0ɬʼĺǵ4ëŐ 1O 30 nmƫʳ")ȱȥɜàg^t1ęȃ4̯ʑƑ
͙ǨȼO˙ȭ$K)C4[g\pǨȼ6˦ǒOÈˑ")λex = 320 nm0ɜàg^tO
ȭŘ")ʖǷ0-01 0-1{u4ţƟ$Kλem = 358, 372 nm4^tpOǨ$Kˈàɜà6A
O˙ȭ")(Fig. 1-6ͫ)ȱȥ0ƙIL)g^t1Ȓ̏"/ 7−8 nmpuet"/Jë
Ő̀ɥ¯ÈɑɜɊ"))C1ʭILKǖ˅ʳOȠƣ[g0ťâ"ęȃ4ɜàg
^tOȭŘ")ʖǷλem = 358 nm, 372 nm6ˈà4ùλ = 540 nm1 580 nm4^OD-
Ǖ)3ɜà{uO˙ȭ")(Fig. 1-6 ̀)ǝɯ3ƽþȂ̟Oɱ$1I6ɜà7W\e
ɜà0731ʭILK@)̯ʑŒĳ076{u7Ȥŋ$K1I6ɜà7è
͎Ɇƪ4K 16à1ʭILK@)6˅ʳ 16ƫʳɤƖ6ʙţ̲Őďɉ(ΦPL)7 0.13
0,) 
 




tȜ(500rpm, 30s)4/ʳĉ 50 nm6˅ʳOɬʼ4ƫʳ")'6ʖǷ16uȶƆ 15wt%
6147ˈàɜà6AɜɊ"λem = 540 nm4ɜà^7˙ȭ L3,)(Fig. 1-7 ̀)
ǖ50wt%@0 16uȶƆOłù")˦ǒ07ˈàɜà4ùλem = 540 nm4Ǖ)4
^ɜɊ")6ʖǷHJλem = 540 nm4ɜɊ$KǕ)3ɜà7 16è͎ɆƪIɜɊ$Kɀ
àɜà0K1ʭILK(Fig. 1-7 ͔) 
 16 
 
Fig. 1-7. PMMA¤ 16uȶƆ̧6ɜàg^t(̀: 15wt%, ͔: 50wt%, ͫ: 100wt%). 
  
3.2.3 UVȾŧ4HKɜàɅƣŅÿ  
 16˅ʳ4ţ"λ = 320 nm6 UVàO̠ʚȾŧ")1Mλ = 350–390 nm6ˈàƎƆň
Ä"ęǠ4λ = 420–460 nmH:λ = 520–650 nm6ɜà{ułň$KɊ˶˙ȭ L
)(Fig. 1-8 a)L@06ɜàg^t˛ǶHJłň")ɜà7'L(L16ąëŐɆƪ
I6à(λ = 420–460 nm)H:è͎ɆƪI6à(λ = 520–650 nm)1ʭILK@)ʒ
ņàȾŧǠ̀4ţ$Kɜà6ʺƆŅÿO Fig. 1-8 b4ɱ$ʒņàȾŧô6˅ʳ4/7 CIEƇ
ȅ(x, y) = (0.183, 0.098)6Ȧ͔ɜà0,)6ʒņàȾŧ4ÀʺƆŅÿ"60ëȾŧƖ4
7(x, y) = (0.282, 0.333)6ɝʺɜà<1Ņÿ")(Fig. 1-8 b)@)616ΦPL7 0.100,) 
 
Fig. 1-8. UV̠ʚȾŧǠ6(a) Ǡ̀ÍŒ PLg^t(ͫ: ƫʳɤƖ, UVȾŧ 3, 5, 10, 20, 30, 60, 120, 
180, 240, 300 min). (b) UVȾŧ4HK 16˅ʳ6 CIEƇȅŅÿ(UVȾŧǠ̀: 0–60min). 
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3.3 UVȾŧôƖ6ʳ˛Ƕ  
 ȍ416˅ʳ<6ʒņàȾŧ4HJ26H3Ņÿ̂,/K4-/Ǿ˟") 
 
3.3.1 HPLCëǶ  
 ëŐ'6D66úÿ6Ĕʱƣ4-/ʒņàȾŧôƖ6˅ʳO CH2Cl24ȱ˛"HPLC (JASCO 
LC-2000Plus series)4/ëǶOˉ,)˦ǒ7ɜàg^t˥Îęȃλ = 320 nm6 UVO 1Ǡ̀
Ⱦŧ")D6Oɑ)'6ʖǷUVȾŧôƖ4/ 1 6ë˛7Ǿê̈́ɖ»0JúÿɄ
ɜàg^t4Ƒ͙"/KĔʱƣ7Ä1ʭILK(Fig. 1-9)@)UVȾŧƖ4/




Fig. 1-9. 16˅ʳ6 HPLCg^t(ͫ: UVȾŧô, ̀: UVȾŧƖ). 
 
3.3.2 ü̂g^tĞďg^tPLźg^t  
 ʒņàȾŧƖ6 1˅ʳ4/λem = 370, 430, 540 nm4Kü̂g^tOȭŘ")'
6ʖǷėɜàȝ̼4Kü̂g^t47>1P2̧3,)(Fig. 1-10 a, řʟ)@)
Ğďg^t4D UVȾŧôƖ0g^tŅÿ7>?˙ȭ L%úÿɄɜàg^t4
Ƒ͙"/Kˣ0731ʭILK(Fig. 1-10 a, ɮʟ) 
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Fig. 1-10. (a) 16 UVȾŧƖ6ü̂g^t (λem = 370 (͔řʟ), 430 (ʝřʟ), and 540 nm (̀ř
ʟ))1Ğďg^t(ͫɮʟ: ƫʳɤƖ, ̀ɮʟʹ UVȾŧƖ). (b) UV̠ʚȾŧǠ6 PLźg^
t(ͫ:ƫʳɤƖ, UVȾŧ 3, 5, 10, 20, 30, 60, 120, 180, 240, 300 min). 
 
3.3.3 XʟĬƳͬXRDͭȭŘ  
 ʒņàȾŧ4Àʳ˾6Ņÿ4-/ XRDȭŘOřǗ")˦ǒ7 SiO2 / Siĺǵ4ɦɿ˃ɧ
ȜOɑ/ 1O˃ɧ̞Ɔ 1.0 Å s–10 100 nmƫʳ")Ɩλ = 320 nm6 UVàO 1Ǡ̀Ⱦŧ")
'6ʖǷ˃ɧɤƖ6˅ʳ6 XRD4/2θ = 5.9° (d = 14.9 Å)¹̗4ƍĬƳ^Oɱ$D
66'L»ņ4͢˂3ĬƳ7˙ȭ L3,)(Fig. 1-12 ͫ)'L4ţ"/UVàȾŧƖ6˅
ʳ4/72θ = 5.2° (d = 16.9 Å) 4u0ƎƆ6ň3ĬƳ^êɊ")(Fig. 1-11, 
̀)-@JÝ6˅ʳ7̬6ʖǡ̬ÃOĝBRQgƣ6ͨɆƪ0KʒņàȾ
ŧ4HJʖǡÿÑ̡ L)1ʭILKLI6ʖǷHJλ = 420–460 nm6ɜà7 16R
QgɆƪI6àλ = 520–650 nm6ɜà7 16ʖǡɆƪI6à0K1ʭIL
K 
 
Fig. 1-11. XRDĬƳ|m(ͫ: ƫʳɤƖ, ̀: UVȾŧƖ). 
 
 ǖÈˑɤƖ6˅ʳO 1O Tg (~140 °C)»6ȬƆ0RwéɌ")ʖǷ2θ  = 5.9°6ĬƳ
^Ȥŋ"RQgɆƪ4̂ĭ$K 2θ  = 20° ¹̗6u3ĬƳłň")(Fig. 1-12 a,
͔)'6˅ʳ6ɜàg^t4/7λ = 420–460 nm6à6łň6A˙ȭ Lλ = 
520–650 nm6à7˙ȭ L3,)(Fig. 1-12 b, ͔)ʒņàȾŧƖ6˦ǒORw")ĽĘ
4/Dλ = 420–460 nm6àłň"λ = 520–650 nm6à7ȫŪ")(Fig. 1-12 c, ͔)
6RwƖ6˦ǒ4æƆUVàȾŧOˉ1RQgɆƪ6 14ɓǲ$Kλ = 420–460 nm
6àƎƆȫŪ"ǖʖǡÿ") 14ɓǲ$Kλ = 520–650 nm6àƎƆ7łň")(Fig. 
1-12 c, ̀ɮʟ) 
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Fig. 1-12. (a) 16˅ʳ6 XRDĬƳ|mŅÿ1(b) 16˅ʳ6ɜàg^tŅÿ(ͫ: ƫʳɤƖ, 




3.4 ̞Ɔ˛Ƕ  
 ü̂Ɇƪ6̞ƆŘǏʈê6)C4UVàȾŧǨȼ4KëŐ 1˅ʳ6ˈààɜàŤģ
H:ɜà̲ŐďɉOȭŘ")UVàȾŧƖ6ʳ4ţ" λ = 280 nm0ü̂")Ǡàü̂Ɩ 0.5 ns
4/7 λ = 350–390 nm6ˈà6A˙ȭ LK20 nsƖ47RQgɆƪ4̂ĭ$K 
λ = 420–460 nm1ʖǡÿ") 14̂ĭ$K λ  = 520–650 nm6àɜɊ"50 nsƖ47ʖǡÿ
") 14̂ĭ$K λ = 520–650 nm6à6Aȏ,)(Fig. 1-13 a−c)1Ǡ̀6ʒņʟȾŧô6
ΦPL70.13I 0.104ȫŪ")ɜàŤģ(τ)7ʒņʟȾŧ4HJ λ  = 360 nm6ˈà 2.1 ns
I 1.4 ns4λ = 540 nm6à7 14.3 nsI 13.4 ns4ɫŤģÿ")@)ʒņàȾŧ4H





Fig. 1-13. UVȾŧƖ6 1˅ʳ4ţ"λ = 280 nm0ü̂")͌6(a) 0–0.5, (b) 20–20.5, (c) 50–50.5 ns ʕ
̤6 PLg^t1(d) 360 nm(ͫ), 420 nm(͔), 540 nm(̀)4KɜàŤģȫˌQT. 
 
 LI6ʖǷOÝ416˅ʳ6ü̂ɆƪI6ŋȠig4-/ʭŢ$KʒņʟȾŧô
6 16˅ʳ4/7λ = 350–390 nmˈà(S1)1λ = 520–650 nm6à(T1)6AɜɊ"/J
ʙţ̲Őďɉ7'L(L 0.1261 0.0040,)@)λ = 360 nm1λ = 540 nm4Kτ7 2.1 ns
1 14.3 ns0,)ė6ȭŘʖǷIė̓ŧ̞ƆOƋ 1–5Oɑ/ʖǷ")ʖǷUVȾŧô6
1˅ʳ4/ S1I S0<6ˈà̞ƆŘǏ(kr)1 S1I T1<6͛̀±ź̞ƆŘǏ(kISC)7>?ęɻ





















kISC360→540 = kr540 +knr540 ⋅⋅⋅(5)
kISC420→540 = kr540 +knr540 −kISC360→540 ⋅⋅⋅(6)
kISC360→420 = kr420 +knr420 +kISC420→540 ⋅⋅⋅(7)  
 
ˋ 1-3. UVȾŧô6˅ʳ 16Ʉƣ1̓ŧ̞Ɔ. 
 total λ = 360 nm λ = 420 nm λ = 540 nm 
φPL 0.130 0.126 – 0.004 
τ (s) – 2.10 x 10–9  – 1.43 x 10–8 
kr (s–1) – 6.00 x 107 – 2.80 x 105 
knr (s–1) – 3.47 x 108 – 6.97 x 107 
kISC 360→420 (s–1) – – – – 
kISC 360→540 (s–1) – 6.97 x 107 – – 
kISC 420→540 (s–1) – – – – 
 
 
Fig. 1-14. ėWx]ȰÃI6̓ŧ̞Ɔ. (a) ƫʳɤƖ(b)UVȾŧƖ. 
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 ǖʒņàȾŧƖ6 16˅ʳ4/7RQgɆƪ4̂ĭ$Kλ = 420–460 nm6ɀà
(T1’)Ǖ)4êɊ$Kˈà6͞ĹO λ = 340–399 nmRQgɆƪ6 14̂ĭ$Kà͞
ĹOλ = 400–499 nmʖǡɆƪ6 14̂ĭ$Kà͞ĹO λ = 500–630 nm1"'6Ǡ6ʙţ̲
ŐďɉOȭŘ$K1'L(L 0.032, 0.028, 0.03913,)@) λ = 360 nmλ = 420 nm λ = 540 
nm4Kτ 7 1.4, 5.1, 13.4 ns0Jˈà1ʖǡɆƪ6à6τ 7ɫŤģÿ")(ˋ 1-4, Fig. 
1-15 a-b) 
ˋ 1-4. UVȾŧƖ6˅ʳ 16Ʉƣ1̓ŧ̞Ɔ. 
 Total λ = 360 nm λ = 420 nm λ = 540 nm 
φPL 0.101 0.032 0.028 0.039 
τ (s) – 1.40 x 10–9  5.14 x10–9  1.34 x10–8 
kr (s–1) – 2.27 x 107  5.49 x106 2.98 x106 
knr (s–1) – 4.27 x 108  1.87 x108 7.16 x107 
kISC 360→420 (s–1) – 1.95 x 108  – – 
kISC 360→540 (s–1) – 6.97 x 107 – – 
kISC 420→540 (s–1) – – 2.00 x 106 – 
 
 
Fig. 1-15. 1˅ʳ6(a) λ = 360 nm1(b) λ = 540 nm4KɜàŤģȫˌŅÿ(ͫ: ƫʳɤƖ, ̀: UV
ȾŧƖ). 
 
 LI6ʖǷHJʒņàȾŧƖ6 1 6˅ʳ4/7Ǖ)4êɊ") T1’<6͛̀±ź̞
(kISC = 2.0 x 108 s–1, Fig. 15b)'6ʖǷS1I S0<6ˈàɫŤģÿ"ƎƆÄ")@)
T1’I7àɜà(kr = 5.5 x 106 s–1)4ù I4 T1<6͛̀±ź̂J(kISC = 2.0 x 106 s–1)









% winmoster0Ũê")ĺƅɆƪ6ǦŖŘȂ̟O Fig. 1-16 a4ɱ$Cz-DBFH: Cz-phenylĺ6
5#L˚(δ)7'L(L 61°0,)@)ortho-terphenylĺ6Vw͗7ň5#L/
K(δ = 53–55°)λ = 420–460 nm6àOǨ$K T1'4/7Cz–DBF65#L˚(δ)6AŅÿ
"35°0,)(Fig. 1-16 b)ţȾɞ4T1Ɇƪ6 16ëŐȂ̟7CZ-DBF1 Cz-Vwĺ16
̀6 δ 2° H: 22°0Jortho-terphenylĺƁ͗ÿ"/K(d = 7–11°, Fig. 1-16 c)6Ɓ
͗Ȃ̟̠ʚɞ3 UVȾŧǠ4 16ʖǡÿOÑ̡$KUVȾŧ4HJ 16˅ʳå476 3ɼ
6ëŐȂ̟65#Lɛ3KɆƪŒĳ$K1¬Ƨ LK 
 
Fig. 1-16. winmoster4HJǁȭ LKëŐ 16(a) ǦŖŘȂ̟1(b) λ = 418 nmH:(c) λ = 518 nm 
4àOɜ$K͌6ëŐȂ̟. 
 
3.6 FT-IRg^t  
 ëŐee0ɱ")ëŐȂ̟65#L6Ņÿ6ɯI" Oɯ˨$K)C4UVȾ
ŧôƖ6˅ʳ4ţ" FT-IRȭŘOˉ,)˦ ǒ7 PL˥Îęȃɦɿ˃ɧOɑɬʼĺǵ4 30 nm





Fig. 1-17. UVȾŧôƖ6 1˅ʳ4K FT-IRg^t(ͫ: UVȾŧô, ̀: UVȾŧƖ). 
 
 
3.7 àɜà6)C4ƞ˓3ëŐ̬Ã4́$KǾ˟  
 26ëŐȂ̟ɝʺà4ƞ͝0KO˯=K)Cɛ3KʪǄĺOŨâ")ëŐ 2–5OĘ
ƫ"'LI6ëŐ˅ʳ6 UVȾŧôƖ4Kɜàg^t6ŅÿO˯=)˦ǒ7ɦɿ˃ɧ
Ȝ4HJɬʼĺǵ4 30 nmƫʳ"ü̂ȝ̼ 320 nm4/ɜàg^tOȭŘ")ʖǷDBF
6 2Ã4VwĺOD)3ëŐ 2H:Cz6 3Ã4 ortho-biphenylOǨ$KëŐ 37UV
àȾŧOˉ111ęȃ6 2ɼͤ6à6łƎ˙ȭ L)(Fig. 1-18 a–b)ǖCz6 3Ã4
tertiary buthylĺD"7 meta-biphenylĺOŨâ")ëŐ 4H: 54/7UVàȾŧƖD
ɜàg^t47>1P2Ņÿ˙ȭ L3,)(Fig. 1-18 c–d)ʷ4 tertiary butylĺEm




Fig. 1-18. UVȾŧôƖ4K(a) 2, (b) 3, (c) 4, (d) 56ɜàg^t(ͫ: UVȾŧô, ̀: UVȾŧ
Ɩ). 
 
3.8 ǨȊ ELʑŐ  
 ǦƖ41Oɜàű1"/ɑELɅƣO˥Î")ɦɿȿ˃ɧ4HJITO[g͓Ȁ4
MoO3 (3 nm)/ 1,3-di-9-carbazolylbenzene(mCP) (10 nm)/ 1 (100 nm)/ 2,2',2"-(1,3,5-benzinetriyl)-tris 
(1-phenyl-1-H-benzimidazole(TBPi) (20 nm)/ LiF (0.5 nm)/ Al (100 nm)Oɽű")Èƫ")ELʑŐ4
0.7 mA6͓ȡOȡ$1λ = 400 nm¹̗4 16 S1S04̂ĭ$K ELǦň̑Ɔ0˙ȭ L420–
460 nm4RQgɆƪ6 14̂ĭ$Kà6en{u I4 520–650 nm4ʖ
ǡɆƪ6 14̂ĭ$Kàɜà˙ȭ L)(Fig. 1-19 a, ͫ)ćù͓Ĳ 4 V¹̗HJ EL˙ȭ
 L7#C12 V¹̗0Ǧň̑Ɔ 1000 cd m–2Oˠ̹"'616͓ȡşƆ7 400 mA cm–2Ǧň
ņ̬̲Őďɉ7 0.6 %0,)(Fig. 1-19 b–d) 
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Fig. 1-19. (a) ELg^t6îǪg^t(ͫ)1ʕǠŅÿ( 12, 24, 36, 50, 60, 76, 89, 100min (̀)).  
(b) ̑Ɔ vs͓ĲQT. (c) ̑Ɔ vs͓ȡşƆ(J) QT. (d) EQE vs JQT. 
 
  I4͓ȡOȡ"ʚK1λ = 400 nm¹̗6ˈàƎƆňÄ"12 ëƖ47>?Ͳ-
6̰͛ü̂ȰÃI6à4̂ĭ$K ELg^t13,) (Fig. 1-19 a)ʺ Ɔ7(x, y = 0.319, 
0.270)0JąëŐI>?ɝʺ6 ELOřɊ")(Fig. 1-20) 
 
Fig. 1-20. ELs{Tg6(a) îǪɜàɕÛ1(b) 0.7 mAO 12 minćùƖ6ɜàɕÛ. 
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5. ¹̹  
5.1  Synthesis of 1 
 
 
Synthesis of S2 
To an acetic acid (150 mL) solution of S1 (19.0 g, 64.6 mmol) was added bromine (4.3 mL, 84 mmol) 
dropwise at 60 °C. The reaction mixture was cooled to 25 °C and stirred for 16 h, solid precipitated out. 
Filtered the solid washed with water (2 × 100 mL) followed by 10% NaHCO3 (2 × 50 mL) and dried well 
under vacuum. The crude product was subjected to re-crystallization from diethyl ether (three times) to yield 
the S2 as a white solid (17.3 g, 46.4 mmol, 72% yield). 1H NMR (CDCl3) δ 8.04 (d, J = 1.7 Hz, 1H), 7.86 (dd, 
J = 2.8, 7.7 Hz, 2H), 7.60 (dd, J = 1.8, 8.7 Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H). 
 
Synthesis of S3 
To a mixture of S2 (17.0 g, 46 mmol), carbazole (6.1 g, 36 mmol), potassium phosphate (19.3 g, 91 mmol), 
dipivolyl methane (2.9 mL, 14 mmol) and copper (I) oxide (1.3 g, 9.1 mmol) was added dimethylsulfoxide 
(DMSO, 170 mL) at 25 °C. After stirring for 8 h at 100 °C, the reaction mixture was cooled to 25 °C and 
poured into water. The precipitated solid was filtered, washed with water and suck dried to obtain a crude S3. 
Crude S3 was purified by column chromatography on silica gel gave S3 as white solid (10.0 g, 24.3 mmol, 
53% yield). 1H NMR (CDCl3) δ 8.23-8.20 (m, 3H), 8.07 (dd, J = 1.2, 7.6 Hz, 1H), 7.73 (dd, J = 1.2, 7.8 Hz, 




Synthesis of S4 
To a mixture of S3 (5.00 g, 12.1 mmol), phenylboronic acid (1.48 g, 12.1 mmol), Pd(PPh3)4 (699 mg, 0.605 
mmol) and potassium carbonate (5.01 g, 36.3 mmol) was added 1,2-dimethoxyethane (50 mL) and water (5 
mL) at 25 °C. The mixture was heated under reflux for 6 h. The reaction mixture was cooled to 25 °C, was 
diluted with ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, 
the residue was subjected to silica gel column chromatography to give S4 as white solid (4.34 g, 10.6 mmol, 
88% yield). 1H NMR (CDCl3) δ 8.24 (d, J = 1.72 Hz, 1H), 8.21 (d, J=8.0 Hz, 2H), 8.14 (d, J=8.0Hz, 1H), 
7.72-7.66 (m, 4H), 7.58 (t, J = 7.6Hz, 1H), 7.53-7.47 (m, 3H), 7.44-7.37 (m, 3H), 7.34 (t, J = 6.8 Hz, 2H), 
7.27 (d, J = 8Hz, 2H). 
 
Synthesis of S5 
To a CH2Cl2 (30 mL) solution of S4 (3.44 g, 8.40 mmol), NBS (1.50 g, 8.40 mmol) was added at 25 °C. 
After stirring for 8 h, water was added. The organic layer was washed with water and brine, dried over 
MgSO4. After evaporation of the volatiles, S5 was obtained as white solid. S5 was used without further 
purification in the next step. 
 
Synthesis of S6 
To a mixture of S5 (3.00 g, 6.15 mmol), B2(pin)2 (1.87 g, 7.38 mmol), PdCl2(dppf)ͶCH2Cl2 (252 mg, 0.308 
mmol), and potassium acetate (1.79 g, 18.5 mmol) was added DMSO (30 mL) at 25 °C. The mixture was 
heated to 90 °C for 12 h. The reaction mixture was cooled to 25 °C and poured into water. The resulting 
solid was filtered and washed with water. The crude solid was subjected to silica gel column 
chromatography to give S6 as white solid (2.27 g, 4.23 mmol, 69% yield). 1H NMR (CDCl3) δ 8.71 (s, 1H), 
8.27-8.22 (m, 2H), 8.14 (d, J = 8.0Hz, 1H), 7.87 (d, J = 7.6Hz, 1H), 7.71-7.65 (m, 4H), 7.58 (t, J = 8.0Hz, 
1H), 7.53-7.47 (m, 3H), 7.44-7.31 (m, 3H), 7.28-7.22 (m, 2H), 1.42 (s, 12H). 
 
Synthesis of 1 
To a mixture of S6 (1.00 g, 1.87 mmol), 1-iodo-2,6-diphenylbenzene (1.00 g, 2.80 mmol), Pd2(dba)3ͶCHCl3 
(97 mg, 0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 
1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 1 was purified with preparative GPC and 
sublimation under reduced pressure to give 1 as white solid (538 mg, 0.843 mmol, 45% yield). 1H NMR 
(CDCl3) δ 8.19 (s, 1H), 8.05 (d, J = 6.8Hz, 1Hz), 7.88 (d, J = 7.8Hz, 1H), 7.70-7.60 (m, 5H), 7.51-7.46 (m, 
7H), 7.40-7.31 (m, 2H), 7.22-7.08 (m, 12H), 6.92-6.86 (m, 2H); 13C NMR (CDCl3) δ 155.7, 151.5, 142.4, 
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142.3, 141.1, 140.8, 139.5, 139.1, 137.0, 131.5, 130.0, 129.7, 128.9, 127.6, 127.5, 127.24, 127.22, 127.1, 
126.7, 126.1, 125.6, 124.6, 123.9, 123.6, 123.0, 122.3, 120.2, 119.9, 119.3, 112.2, 110.3, 109.1 (Fig. 1-21 
and 1-22). 
 
5.2 Synthesis of 2 
 
 
Synthesis of S7 
To a mixture of S1 (17.0 g, 46 mmol), carbazole (6.1 g, 36 mmol), potassium phosphate (19.3 g, 91 mmol), 
dipivolyl methane (2.9 mL, 14 mmol) and copper (I) oxide (1.3 g, 9.1 mmol) was added DMSO (170 mL) at 
25 °C. After stirring for 8 h at 100 °C, the reaction mixture was cooled to 25 °C and poured into water. The 
precipitated solid was filtered, washed with water and suck dried. The crude solid was subjected to silica gel 
column chromatography to give S7 as white solid (10.0 g, 24.3 mmol, 53% yield). 1H NMR (CDCl3) δ 8.21 
(d, J = 7.6Hz, 2H), 8.10 (d, J = 7.6Hz, 1H), 8.06 (d, J = 7.6Hz, 1H), 7.68 (d, J = 8.0Hz, 1H), 7.56 (t, J = 
8.0Hz, 1H), 7.48-7.37 (m, 5H), 7.33 (t, J = 7.6Hz, 2H), 7.26 (d, J = 8.0Hz, 2H). 
 
Synthesis of S8 
To a CH2Cl2 (50 mL) solution of S7 (5.00 g, 15.0 mmol), NBS (2.67 g, 15.0 mmol) was added at 25 °C. 
After stirring for 8 h, water was added. The organic layer was washed with water and brine, dried over 
MgSO4. After evaporation of the volatiles, S8 was obtained as white solid. S8 was used without further 
purification in the next step. 
 
Synthesis of S9 
To a mixture of S8 (5.00 g, 12.1 mmol), B2(pin)2 (3.70 g, 14.6 mmol), PdCl2(dppf)ͶCH2Cl2 (0.495 mg, 0.606 
mmol), and potassium acetate (3.57 g, 36.4 mmol) was added DMSO (50 mL) at 25 °C. The mixture was 
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heated 90 °C for 12 h. The reaction mixture was cooled to 25 °C and poured into water. The resulting solid 
was filtered and washed with water. The crude solid was subjected to silica gel column chromatography to 
give S9 as white solid (3.96 g, 8.62 mmol, 71% yield). 1H NMR (CDCl3) δ 8.72 (s, 1H), 8.26 (d, J = 7.64 Hz, 
1H), 8.14-8.11 (m, 1H), 8.07 (d, J = 7.52 Hz, 1H), 7.89-7.87 (m, 1H), 7.68 (dd, J = 1.32, 7.78 Hz, 1H), 
7.60-7.56 (m, 1H), 7.50-7.34 (m, 5H), 7.32-7.28 (m, 2H), 1.44 (s, 12H). 
 
Synthesis of 2 
To a mixture of S9 (1.00 g, 2.18 mmol), 1-iodo-2,6-diphenylbenzene (1.16 g, 3.27 mmol), Pd2(dba)3ͶCHCl3 
(113 mg, 0.109 mmol), SPhos (178 mg, 0.435 mmol), potassium phosphate (1.38 g, 6.53 mmol) was added 
1,2-Dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 2 was purified with preparative GPC and 
sublimation under reduced pressure to give 2 as white solid (527 mg, 0.938 mmol, 43% yield). 1H NMR 
(CDCl3) δ 8.01 (s, 1H), 7.99 (s, 1H), 7.87 (d, J = 7.8Hz, 1H), 7.64 (s, 1H), 7.58 (d, J = 7.8Hz, 1H), 7.49-7.30 
(m, 8H), 7.21-7.05(m, 12H), 6.91-6.85 (m, 2H); 13C NMR (CDCl3) δ 156.1, 151.0, 142.4, 142.2, 140.8, 
139.5, 139.2, 131.5, 130.00, 129.97, 129.7, 127.7, 127.6, 127.1, 126.6, 126.0, 125.9, 125.6, 124.0, 123.8, 
123.5, 123.4, 123.2, 123.0, 122.2, 120.8, 120.1, 119.9, 112.1, 110.3, 109.1 (Fig. 1-23 and 1-24). 
 




To a mixture of S6 (1.00 g, 1.87 mmol), 2-bromobiphenyl (653 mg, 2.80 mmol), Pd2(dba)3ͶCHCl3 (97 mg, 
0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 
1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C, was filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 3 was purified with preparative GPC and 
sublimation under reduced pressure to give 3 as white solid (632 mg, 1.13 mmol, 61% yield). 1H NMR 
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(CDCl3) δ 8.20 (s, 1H), 8.09-8.06 (m, 3H), 7.67-7.59 (m, 5H), 7.54-7.04 (m, 18H); 13C NMR (CDCl3) δ 
155.7, 151.7, 141.9, 141.14, 141.10, 141.06, 140.7, 139.6, 137.0, 133.8, 131.1, 130.7, 130.0, 128.9, 128.5, 
127.9, 127.51, 127.45, 127.3, 127.2, 127.1, 126.8, 126.3, 126.2, 125.9, 124.5, 123.8, 123.7, 123.6, 122.2, 
121.4, 120.3, 120.2, 120.1, 119.3, 112.3, 110.4, 109.6 (Fig. 1-25 and 1-26). 
 




To a mixture of S6 (1.00 g, 1.87 mmol), 1-bromo-2,6-diisopropylbenzene (676 mg, 2.80 mmol), Pd2(dba)3Ͷ
CHCl3 (97 mg, 0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was 
added 1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. 
The reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted 
with ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the 
residue was subjected to silica gel column chromatography. The crude 4 was purified with preparative GPC 
and sublimation under reduced pressure to give 4 as white solid (555 mg, 0.974 mmol, 52% yield). 1H NMR 
(CDCl3) δ 8.23 (s, 1H), 8.13 (t, J = 8.8Hz, 2H), 7.95 (s, 1H), 7.75 (d, J = 7.8Hz, 1H), 7.69-7.66 (m, 3H), 
7.59-7.17 (m, 13H), 2.82-2.68 (m, 2H), 1.14-1.04 (m, 12H).; 13C NMR (CDCl3) δ 155.8, 151.8, 147.6, 147.5, 
141.14, 141.13, 140.1, 139.8, 137.1, 132.5, 128.9, 127.73, 127.70, 127.5, 127.33, 127.26, 126.8, 126.4, 126.1, 
124.6, 123.8, 123.6, 123.5, 122.51, 122.45, 122.39, 120.9, 120.4, 120.23, 120.21, 119.4, 112.4, 110.6, 109.7, 









To a mixture of S6 (1.00 g, 1.87 mmol), 3-bromobiphenyl (653 mg, 2.80 mmol), Pd2(dba)3ͶCHCl3 (97 mg, 
0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 
1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 5 was purified with preparative GPC and 
sublimation under reduced pressure to give 5 as white solid (707 mg, 1.26 mmol, 67% yield). 1H NMR 
(CDCl3) δ 8.45 (s, 1H), 8.25 (d, J = 7.8Hz, 2H), 8.23 (s, 1H), 7.95 (s, 1H), 7.72-7.27 (m, 23H); 13C NMR 
(CDCl3) δ 155.8, 151.8, 142.6, 141.8, 141.41, 141.37, 141.1, 140.5, 137.1, 133.7, 129.2, 128.9, 128.8, 127.5, 
127.35, 127.32, 127.2, 126.9, 126.4, 126.3, 126.2, 125.6, 125.5, 124.5, 124.2, 123.8, 122.2, 120.5, 120.3, 





Fig. 1-21. 1H NMR spectrum of 1. 
 
Fig. 1-22. 13C NMR spectrum of 1.  
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Fig. 1-23. 1H NMR spectrum of 2. 
 




Fig. 1-25. 1H NMR spectrum of 3. 
 
 




Fig. 1-27. 1H NMR spectrum of 4. 
 
Fig. 1-28. 13C NMR spectrum of 4. 
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Fig. 1-29. 1H NMR spectrum of 5. 
 



























1. Ƅ˱  




















Fig. 2-1. (a)tpbm^ttatķtfgm6ȁəį.  























@)6\R˄ɽ̒̚ LK̬ëOox1Ģ;ǭɭɾ07ox̼O 50 µm
oxžO 750 µm1")(Fig. 2-1 b) 
 

















1.4 ̶meRw (CuPc)6ɰȓɛǖƣ  
 CuPc7ňƃK πäƒʍI3KsSg^ɆëŐ0¤Ɲ4 Cu2+̮Ã")̸Æ0K
¤Ɲ̳Ű Cu2+6̮ÃŐĽëˎOʭK1g S = 1/2OD-ɰĽ7 d͓ŐHJDĎɰƣ6 π
͓Ő4Ƒ͙$KmeRwëŐ6ţɸ̍4ţ"/Ɓˉ3ɰÿŝǞ̍O K||ĶɤǖěO K1
$K1πäƒ6Ďɰƣɛǖƣ ΔK7ȍƋ 
	ΔK = K||−K⊥( )⋅⋅⋅ 8( )  
0ɱ L(K– K||) > 00K(ˋ 2-1) [9] -@JCuPc7ɰĽ4ţ" Kǖě4̮ě"E$ëŐ
0K(Fig. 2-3 a–b) 
 





Fig. 2-3. (a) CuPc6ëŐȂ̟1ɰÿŝǞ̍. (b) ɰĽ4HKëŐđKt^(N)1Ĭ̌6ȆƋį. 
 
1.5 mi6ɰȓɛǖƣ  
 mi7jɍ 5-ɤ̺4ʦ,)ëŐȂ̟0K(Fig. 2–4 a–b)@)ɰĽ7
Ďɰƣ6 π ͓Ő4Ƒ͙$K1ë,/Kmi6ɰÿ̍7 K1K2K3I3J
K1K2͗å4ƃ,/K̍0JK37 K1K24ţ"Ķɤ46:K̍0K@)K1 (= K2)
1­»ô6ļğIë,/K0mi6ɰȓɛǖƣ7ȍƋ 
	ΔK = K3 −K1 =3 χM −K1( )⋅⋅⋅ 9( )  
0ɱ L271.5×10-6 [cm3 mol-1]0K[10] 
 


















 (K– K||) [1×10-6 cm3 mol-1] 
CuPc 644 
 –χM•103 –K1•103 ΔK [1×10-6 cm3 mol-1] 
mi 205.4 114.9 271.5 
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Fig. 2-4. mi6(a) ëŐȂ̟. (b) ëŐ̮í6ȆƋį. 
 
 




Kǭɭɾ07ͨ͓ȓ¿ŨƆÿŔɞŖŘ326ɅƜOD+OFET 4HÊɑ LK CuPc 1
miOɑ/ɭɾOˉ,)ëŐ̮ěñƚ6ǖȜ1"/ɰȓɛǖƣ6˙ȺIȕ§ɰɬ
4HKņ̬ɰĽ4ĺǵO̮ʪ")Ɇƪ0ɦɿȿ˃ɧO˦A)(Fig. 2-5 a–b) 
 ù/˃ɧ¤6ĺǵùȿE˃ɧƖ6Rw4HJëŐ7HJŖŘ3ʖǡȂ̟OƐƫ$K
1ļğ L/Kʖǡƣ6ě4HKXfŅÿE FETɅƣǊĩD˙ȭ L/J
FETɅƣǊĩ6)C6Ǩ÷3ƯȜ6-1"/ƼILK'6)CmiOɦɿ˃ɧ$K
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[3] C. R. Newman et al., J. Appl. Phys. 2005, 98, 084506. 
[4] K. Diallo et al., Appl. Phys. Lett. 2007, 91, 183508, 
[5] Z. Fengjiao et al., J. Am. Chem. Soc. 2013, 135, 2338–2349. 
[6] L. Fabiola et al., ACS Nano 2013, 7, 1257–1264. 
[7] Y. Ahou et al., Nano Lett. 2012, 12, 4146–4152. 
[8] S. M. Yoon et al., Nano Lett. 2012, 12, 6315. 
[9] C. Uyeda et al., Mater. Trans. 2007, 48, 11, 2893. 
[10] H. Akamatsu et al., 1956, 29, 7. 
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2. řͦǖȜ  
2.1 ǭɭɾ0Êɑ")ÿĘɄǮǒ  
 ʅ 2ʂ0Êɑ")ÿĘɄǮǒOˋ 2-34@1CK 
 
ˋ 2-3. ʅ 2ʂ0Êɑ")ÿĘɄ. 















Sigma Aldrich Co. 
mi  
 





































2.2 ǭɭɾ0Êɑ")ˏʪ  
 ʅ 2ʂ0Êɑ")ˏʪĚ1sˑ̟ǿʮOˋ 2-44ɱ$ 
 
ˋ 2-4. ʅ 2ʂ0Êɑ")ˏʪ. 
ˏʪĚs ˑ̟ǿʮ 
gbm 1H-D7 ZcǺƋ¾ɲ 
ƤȬȄ EC-40R RhǺƋ¾ɲ 
ɦɿ˃ɧĪ SVC-700TMSG/7PS80 c͓ŐǺƋ¾ɲ 
XʟĬƳ MiniFlex 600, Smart Lab. ǺƋ¾ɲ[^ 
ĊŐ̀÷͢ƛ̻  WgRTRTvyr^yfǺƋ¾ɲ 
ĄŨÆRvTd SCS4200 KEITHLEY 
́ǹķ͓Ő͢ƛ̻ JSM-5610 Ǜǭ͓ŐǺƋ¾ɲ 
 
 ĄŨÆRvTd4HKê÷ɅƣȭŘ07at{TRgO 0 VI-10 V%--50 V@0ćù
"ėat{TRg4/uT{TRgO 0 VI-50 V@0ćù")ȍ0¿̦Ʌƣ
ȭŘ07uT{TRgO-50 V4İŘ"at{TRgO 10 VI-50 V@0ćù"ȭŘ
Oˉ3,)¿̦ɅƣIƙIL)smOD14Ƌ(10)Oɑ͓ɖýǷɹþƆOȖC)[1] 
 
	 Id = µWCi2L Vg −Vth( )⋅⋅⋅ 10( )  
 
0IdʹuT͓ȡVgʹat͓ĲVthʹ͂Ö͓ĲµʹɹþƆWʹoxžLʹo
x̼0K@)ǭɭɾ07 W = 0.75mmL = 50 µm0K 
 
2.3 ņ̬ɰĽ06 FETʑŐÈˑȜ  
 ĺǵÈˑ1"/ 1.5 cmīǖ4ìJê") SiO2(200 nm) / Siĺǵ4 1,1,1,3,3,3-\cofe
d(HMDS)O 1–2ȳȳ"gbtȜ(3000 rpm, 60 s)0ƫʳ"ɦɿY(110°C, 1 h)
0ªɁ")'6ƖHMDSéɌ") SiO2 (200 nm) / Siĺǵ4͓Ȁ6|pu1"/|puɑ
g^0 Ti (3 nm) /Au (2 nm)O˃ɧ")ȍ0ǨȊɄ˾oxg^OɑǨȊɄOȼɰĽ





[1] ṟ́ʹȩ äˣ \prİÆɄɌŔâ̽ ʅ 8Ƀ ¥ĩǺƋ¾ɲ.  
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3. ʖǷ~CuPc~ 
3.1 XRDȭŘ  
3.1.1 Out-of-PlaneȭŘ  
 MPc(M=Cu, Ni)H2Pc˅ʳ6 Out-of-PlaneȭŘʖǷOɱ$0¤Ɲ̳Ű4gOƹ)3
 Ni1¤Ɲ̳Ű6ȼ H2PcOɑ)Ɍɓ7ɰĽ6Ƒ͙OđKĭŐ π͓Ő0K1O˯
=K)C0K(ˋ 2-5) 
 
ˋ 2-5. ɰĽ6Ƒ͙OđK1ʭILKĭŐ. 
CuPc π͓Ő + S = 1/2 
H2Pc π͓Ő 
NiPc π͓Ő(S = 0) 
 
 ˦ǒÈˑǱ¼7ɦɿ˃ɧȜ0ǨȊ˅ʳ 50 nmɰĽƎƆ7 0.35 T0ƫʳOˉ3,)'6ʖǷ
ė˅ʳ6 XʟĬƳ|m0 2θ = 6.8 °4̷^ɯ˨ L)(Fig. 2–6 a-c)p_6Ǳ¼Ƌ
(11)HJǻŐ̀͋(d = 12.8 Å)Ȗ@JMPc 6ȇž6̼ 4>?ʵ$K1Iĺǵ4ţ"
Edge-on̮ě")ʖǡȂ̟OƐƫ$K1ɯ˨0) 
	2dsinθ = nλ ⋅⋅⋅ 11( )  
@)ʶ ġȦ14ĺǵ4ţ"/Ķɤ4ɰĽOćù")1ė˅ʳ6(200)6ĬƳ^ƎƆ



















































Fig. 2-7. Au(10 nm)4ƫʳ") CuPc˅ʳ6 Out-of-PlaneȭŘ. 
 






























ȭŘI7͗å6̮ěƣ7˙ȭ L3,)(Fig. 2-8 a)@)ɰĽ0Èˑ")˦ǒ6×àĞď
g^tȭŘ4/Ḑ7˙ȭ L3,)(Fig. 2-8 b) 
 



































3.2 FETɅƣ˥Î  
3.2.1 CuPc 
 ǨȊ˅ʳ 15 nmɰĽƎƆ 0.35 T, 0.5 T0˦ǒÈˑOˉ3FETɅƣ(ê÷Ʌƣ¿̦Ʌƣ)Oȭ
Ř")@)¿̦ɅƣI͂Ö͓ ɖýǷɹþƆOȖC)ȭŘʖǷO»4@1CK(Fig. 2-9, ˋ
2-6) 
 
Fig. 2-9. ė FETɅƣȒ̏ (ͫ:ȼɰĽ, ̀:Ķɤ (0.35 T), ʝ:Ķɤ(0.5 T), ͔:Ɓˉ(0.5 T)).  



































































V g = –50V V d = –50V





















































































V g = –50V V d = –50V



























ˋ 2-6. ɰĽ0Èˑ")ʑŐ6 FETɅƣ. 
 No H H⊥ = 0.35 T H⊥ = 0.5 T 
H// = 0.35 T 
(⊥ Channel) 
H// = 0.35 T 
(// Channel) 
µFET  
(x 10–3 cm2 V–1 s–1) 
1.75 2.55 3.81 1.33 1.64 
Vth (V) –18.6 –11.0 –1.4 –18.1 –12.8 
on/off ( x 104) 4.2 1.4 16.0 3.0 3.6 
 
 ʖǷȼɰĽ0Èˑ") FETʑŐ4ţ"ê÷Ʌƣ–2.5×10-7 [A]4ţ"ĶɤɰĽ0Èˑ"
)ʑŐ7–9.2×10-7 [A]1ʏ 4Õ6͓ȡÖƙIL)@)¿ŨɅƣȭŘIƙIL)ÖHJ͓ʾ
ɹþƆO˞ʈ$K1ȼɰĽ0Èˑ") FETʑŐ07 1.77×10-3 [cm2/Vs]0,)64ţ"Ķɤ
ɰĽ0Èˑ") FETʑŐ7 3.05×10-3 [cm2/Vs]1ʏ 2Õ6ɹþƆOƙK1êǲ)L7Ķ
ɤɰĽ4HJĺǵ4ţ"ëŐʁ+͓ʾȞâ͍ŃȫŪ")11\Rɹþgh4
3,)1Ʌƣě6Ɍɓ1"/ƼILKř͌"ÖOȖC)1MĶɤɰĽ(0.5 T)
ćù¤0Èˑ") FETʑŐ6"Ö7–18.6 VI–1.6 V@0Äȫ"/K1ɱ L)(Fig. 
2-9c. ˋ 2-6) 
 
 
3.2.2 NiPc, H2Pc 
 NiPc1 H2Pc4-/Dņ̬ɰĽćù¤0ƫʳ"FETʑŐOÈˑ")NiPc4́"/7Ū"Ʌ
ƣěɯ˨êǲ)"" H2Pc4́"/7Ʌƣˁ+KʖǷ13,)""%LDɅƣ
ÄȎ"Ʌƣ˥Îêǲ/31ʭK(Fig. 2-10 a–b) 
 



































































3.3 AFMȭŘ  
 ĶɤɰĽ4HJ͓ɖýǷɹþƆě$K­O˕*")'0ˋ͗Ɇƪ4Ņÿȼ
AFMȭŘOˉ3,)(Fig. 2-11) 
 ʖǷ_TcTh1 RMSxg4Ņÿ7>?ȼ_TcTh7 48 nmI 55 nm
RMSxg7 0.79 nmI 0.75 nm0,)(ˋ 2-7)6ʖǷHJˋ ͗Ɇƪ4Ʌ4Ņÿȼ
­ǝI13JėuT6ʖǡƣě")1­ɱħ L) 
 
ˋ 2-7. AFM6ėȭŘʖǷ. 
 No H Vertical H (0.5 T) 
ƁĵʋŐƓ (nm) 48 55 
RMSxg (nm) 0.79 0.75 
 
 














[1] M. K. Debe et al., Thin Solid Films 1990, 186, 289. 
  




4.1 ʞ˝  
 CuPc 6ßˉɭɾIɰȓɛǖƣOD- π äƒʍëŐ7ņ̬ɰĽćù4HJ Edge-on ̮ěƣě




4.2 XRDȭŘ  
 FETɅƣ7ĺǵIǏëŐ͓ʾ̒̚4Ş $K­Iˋ ͗Ɇƪ6̧O˙ȭ$KȻ4 XRD




4.2.1 Out-of-PlaneȭŘ  
 ȭŘʖǷHJ2θ = 5.4 (°)4̷^ɯ˨ L)(Fig. 2-12)p_6Ǳ¼ƋHJǻŐ̀͋







Fig. 2-12. mi˅ʳ(3 nm)6 Out-of-PlaneȭŘ. 























In-planeȭŘ4/ɰĽ6Ƒ͙7ȼD61ʭILK(Fig. 2-13 a–b) 
 
Fig. 2-13. (a) In-PlaneȭŘ. (b) φ˚ƆÍŒƣ.  


































4.3 AFMȭŘ  
 FET Ʌƣ4́"/ĺǵ6ˋ͗ɆƪƑ͙$K17ô̙")Ʌ4 FET ʑŐ6\RɹþƆ
7uT6cThExg4ňƑ͙OđK1Ňļğ L/K[4–8] 
 
ˋ 2-8. AFMȭŘ4KėȭŘʖǷ. 
 No H Vertical H (0.5 T) Parallel H (0.5 T) 
ƁĵʋŐƓ (nm) 71.9 71.8 99.6 
ƁĵʋŐ͗ɽ (103 nm2) 4.05 4.09 7.79 
ʋŐǏ (Ô) 97 95 75 
RMSxg (nm) 1.91 2.11 1.97 
 
 
Fig. 2-14. (a) ȼɰĽ. (b) ĶɤɰĽ. (c) ƁˉɰĽ0Èˑ")˦ǒ6 AFM2ȍÝÛ. 
(d) ȼɰĽ. (e) ĶɤɰĽ. (f) ƁˉɰĽ0Èˑ")˦ǒ6 AFM 3ȍÝÛ. 
 
 
 ė˦ǒO AFM ˙Ţ")ʖǷȼɰĽ1ĶɤɰĽ4/xgEuT6cTh4ň
3Ņÿ7˕IL3,)ƁˉɰĽ0Èˑ")˦ǒ4-/7ň3Ņÿɯ˨êǲ)(Fig. 
2-14 a–f. ˋ 2-8) 
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4.4 FETɅƣ˥Î  
 
Fig. 2-15.ė FETɅƣ6Ȓ̏(ͫ: ȼɰĽ, ̀: ĶɤɰĽ(0.5 T), ͔: ƁˉɰĽ(0.5 T)).  
(a) ê÷Ʌƣ. (b) ¿̦Ʌƣ. (c) "Ö. (d) ͓ɖýǷɹþƆ. 
 
 
ˋ 2-9. ɰĽ0Èˑ") FETʑŐ6ė FETɅƣ. 
 No H H⊥ = 0.5 T 
H// = 0. 5 T 
(⊥ Channel) 
H// = 0. 5 T 
(// Channel) 
µFET  
( cm2 V–1 s–1) 
0.007  0.064 0.162  0.112 
Vth (V) -13.1  -12.7  -18.6  -23.8  
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 ʖǷȼɰĽ0Èˑ") FETʑŐ1Ȓ̏"/ĶɤɰĽ0Èˑ")ʑŐ6ê÷Ʌƣ7 7ÕƁ
ˉɰĽ0Èˑ")ʑŐ6ê÷Ʌƣ7 11Õ0,)¿̦Ʌƣ4́"/7ȼɰĽ0Èˑ")
ʑŐ1Ȓ̏"/ĶɤɰĽ0Èˑ")ʑŐ7ʏ 9ÕƁˉɰĽ0Èˑ")ʑŐ7ʏ 23Õ0,
) I4ǭȭŘI"ÖO˞ʈ$K1ȼɰĽ0Èˑ") FETʑŐ(Vth= –13.1 V)1Ȓ̏






4.5 ĺǵùȿ4HKɰĽƎƆŅÿ  
 ĺǵùȿˏʪ6ȿ0xYfUɰɬ6ɰĽƎƆÄĈƦ LK'0ĺǵùȿ")͌6ɰ
ĽƎƆOȭŘ$K­0ùȿȬƆ4HKɰĽƎƆ6Ä4-/ȭŘ")ʖǷĺǵùȿ4HK
ɰĽƎƆ6ň3Ņÿ7ȼĺǵùȿ 90 6͌0D 0.5 TOʛƹ"/K­Oɯ˨")(Fig. 2-16) 
 
















4.6 XRD ~Out-of-PlaneȭŘ~ 






Fig. 2-17. ĺǵùȿ4HK XRDĬƳ^ƎƆŅÿ(ͫ: 25 , ͔: 60 , ʝ: 75 , ̀: 90 ). (a) 



































































4.7 AFMȭŘ  
4.7.1 ȼɰĽ0Èˑ")mi˅ʳ  
 XRDȭŘ4ȍ0ėĺǵȬƆ0Èˑ")ĺǵ6ˋ͗ɆƪO AFM0˙ȭ")(1×1 µm) 
@)ȭŘ")uT6cThE RMSxgOɕÛ˛ǶIȖCėʖǷOȍ4@1CK 
(Fig. 2-18 a–f) 
 
Fig. 2-18. ȼɰĽ0Èˑ")mi˅ʳ6 AFM®ȍÝȍÝÛ. (a)(a’) 25 . (b) (b’) 45 . 




4.7.2 ƁˉĽ0Èˑ")mi˅ʳ  
 XRDȭŘ4ȍ0ėĺǵȬƆ0Èˑ")ĺǵ6ˋ͗ɆƪO AFM0˙ȭ")(1×1 µm) 
@)ȭŘ")uT6cThE RMSxgOɕÛ˛ǶIȖCėʖǷOȍ4@1CK 
(Fig. 2-19 a–f) 
 
 
Fig. 2-19. ƁˉɰĽ0Èˑ")mi˅ʳ6 AFM®ȍÝȍÝÛ. (a)(a’) 25 . (b) (b’) 




4.8 FETɅƣ  
4.8.1 ȼɰĽǱ¼  
 mi˅ʳ 15 nmĺǵȬƆ 25, 60, 75, 90 0˦ǒÈˑOˉ3FETɅƣ(ê÷Ʌƣ¿̦




Fig. 2-20. ĺǵùȿ4HK FETɅƣŅÿ(ͫ: 25 , ͔: 60 , ʝ: 75 , ̀: 90 ). 
(a) ê÷Ʌƣ. (b) ¿̦Ʌƣ. (c) "Ö. (d) ͓ɖýǷɹþƆ. 
 
ˋ 2-10. ȼɰĽ0Èˑ") FETʑŐ6ė FETɅƣ. 
ĺǵȬƆ () 25 60 75 90 
µFET  
( cm2 V–1 s–1) 
0.007  0.010 0.030  0.058 
Vth (V) -13.1  -16.7  -18.2  -15.7  
 
 ʖǷ1"/ĺǵȬƆO/4-Lê÷Ʌƣ¿̦Ʌƣ\RɹþƆã/ě"/
­O˕ê")ɹþƆ4́"/725 0Èˑ") FETʑŐ4́"/ĺǵùȿ 90 0Èˑ
") FETʑŐ7ɹþƆʏ 8Õě$KʖǷ13,)  
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4.8.2 ƁˉɰĽǱ¼  
 mi˅ʳ 15 nmĺǵȬƆ 25, 60, 75, 90 0˦ǒÈˑOˉ3FETɅƣ(ê÷Ʌƣ¿̦





Fig. 2-21. ĺǵùȿ4HK FETɅƣŅÿ(ͫ: 25 , ͔: 60 , ʝ: 75 , ̀: 90 ). 
(a) ê÷Ʌƣ. (b) ¿̦Ʌƣ. (c) "Ö. (d) ͓ɖýǷɹþƆ. 
 
ˋ 2-11. ƁˉɰĽ0Èˑ") FETʑŐ6ė FETɅƣ. 
ĺǵȬƆ () 25 60 75 90 
µFET  
( cm2 V–1 s–1) 
0.162  0.053 0.104  0.168 






[1] K. Tabata et al., Appl. Phys. Lett. 2013, 103, 043301/1–4. 
[2] Z. Fengjiao et al., J. Am. Chem. Soc. 2013, 135, 2338–2349. 
[3] L. Fabiola et al., ACS Nano 2013, 7, 1257–1264. 
[4] Z. Wang et al., Adv. Mater. Interfaces 2014, 1300119. 
[5] Y. Li et al., J. Phys. Chem. C 2014, ASAP. 
[6] A. D. Carlo et al., Appl. Phys. Lett. 2005, 86, 263501. 
[7] Y. Zhang et al., Appl. Phys. Lett. 2013, 103, 213304. 
[8] M. Kitamura et al., J. Phys. Condens. Matter. 2008, 20. 184011. 
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5. ʭŢ  




 ɛǖƣ ΔK4HKĎɰƣëŐ6Ĭ̌ƽþĎɰƣ6ʴɓWx]IʭK1 
	I d2θ /dt2( ) = −mΔKB2sin2θ ⋅⋅⋅ 12( )  
	U = −12KB2 ⋅⋅⋅ 13( )  
1ǥƋ(8)HJɛǖƣWx](ɰĽ̮ě6 KĬ̌t^)7 

































Fig. 2-23. (a)uTcTh1ɹþƆ6ɥ́. (b)uTcTh1å̬ƶƲ6ɥ́. 
 

































5.1.3 p_¿Ũ4HKǆŋ  
 AFM ȭŘ0ƙIL)ƁĵʋŐƓ1ʋŐǏIox4Œĳ$KuTǏOȖCK­0
p_¿Ũ6͌6A6ɹþƆǆŋ(XLoss)6ʈêO˦A)(Fig. 2-24, ˋ 2-13)0ox




Fig. 2-24. ox̀6uTǏ6ňũ4HK͓ʾɹþ6͌6ǆŋ͠ƆTf.   
 
 
ˋ 2-13. AFMȭŘ4KėȭŘʖǷ1ox̀4Œĳ$KuTǏ. 



































x̀6uTǏ7 695, 696Ô1>?ʆ"ř͌ĶɤɰĽǱ¼6uTǏO 6950˞ʈ
















µParallel H × XLoss
193 = µNo H
XLoss
193 = µNo H /µParallel H
XLoss = 0.983
!
µParallel H × XLoss
' 194 = µVertical H
XLoss




µParallel H × XLoss
59 = µNo H
XLoss
59 = µNo H /µParallel H
XLoss = 0.948
!
µParallel H × XLoss
' 54 = µVertical H
XLoss






 »6ʖǷHJuT6ʖǡƣę#Ǳ¼06uT̀6p_ǆŋ7 0.95~ 0.98
1­O˕*")@)ĶɤɰĽ4HJʖǡƣě"/KuTå6\R7ȼ
ɰĽEƁˉɰĽ0Ɛƫ")uTHJD 1.02~ 1.04ÕȡLE$˕6p_ǆŋ7








[1] M. Kitamura et al., J. Phys.: Condens. Matter. 2008, 20, 184011. 
[2] T. Yokoyama et al., Appl. Phys. Express 2008, 1, 041801. 
[3] M. Nakamura et al., Appl. Phys. Lett. 2005, 86, 122112. 
[4] R. Matsubara et al., Appl. phys. Lett. 2008, 92, 242108. 
[5] N. Ohashi et al., Appl. phys. Lett. 2007, 91, 162105. 
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 I4ĶɤɰĽ(0.5 T)0 CuPc˅ʳOƫʳ" FETʑŐOÈˑ$K10͓ɖýǷ͓ʾɹþƆ
OȼɰĽ1Ȓ̏"/ 2Õě &K­4ƫø")L7ĶɤɰĽćù4HJ Edge-on̮ěƣ
ě""Öňž4Äȫ$K106ɹþgh43JɅƣǊĩ4-3,)
1ʭILK@)AFMȭŘHJˋ͗Ɇƪ4ň3Ņÿ7ȼuT--6ʖǡƣ
ě"/K1ë,)ǭɭɾ7 Appl. Phys. Lett. 2013, 103, 0433014ʩC) 
 
mi  
ĶɤɰĽ(0.5 T)0mi˅ʳOƫʳ" FETʑŐOÈˑ$K10͓ ɖýǷ͓ʾɹþƆOȼ
ɰĽ1Ȓ̏"/ 9Õě &K­4ƫø")L7ĶɤɰĽćù4HJ Edge-on̮ěƣě
""ÖÄȫ$K106ɹþgh43JɅƣǊĩ4-3,)1ʭIL








































1. Ƅ˱  





























1.3 dɜƽ1 Whispering Gallery Mode(WGM)äƽĪ  
 d(laser)17ǌŧ6˩Ũǌê4HKàłž(light amplification by stimulated emission of 
radiation)6əɸ0Kd6ǦDň3ɅƜ7ĠȝǏ̡ˉǖěÃɥ6%L@)7
ã/ǂ,/Kb}t3ȝ0Kd7ô̙")6-6ɜàɊ˶6å˩Ũǌ
ê1Ɋ˶Oðɑ"/âŧàOłž &KĞď L/ LKàŐ6ǏHJD˩Ũǌê$KàŐ
6ǏĬKǠdɜƽ$K'6Ȼ47Ď̌ëżɆƪ4$Kƞ˓K 
 dɜƽǖȜ1"/ͨŭƳɉ3Ǯǒ0Ȃƫ$KɋÆ(\~rS)326å̬0àOãĎŧ















Fig. 3-1. WGMäƽ1¿ſ6ȆƋį. 
 73 
 L@04ȼȊǮǒI3KT^ɋÆET^sSg^ˈ àʺʑOȨù")ͨëŐEȥ







Fig. 3-2. WGMäƽĪ6Ë.(a)SiT^sSg^1(b)ʺʑugo~h. 
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2. řͦǖȜ  
2.1 ǭɭɾ0Êɑ")ÿĘɄǮǒ  
 ʅ 3ʂ0Êɑ")ÿĘɄ˦ˆOˋ 3-1, 3-24ɱ$ 
 
ˋ 3-1. ʅ 3ʂ0Êɑ")ÿĘɄ. 





















































^ CHCl3(ˈàëǶɑɅˑ˦ˆ) vZTrg^ǺƋ¾ɲ 
my MeOH(̞ͨȥÆ^t_ɑ) vZTrg^ǺƋ¾ɲ 
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2.2 ˃ȓƸǎȜ4HK πäƒʍͨëŐɋÆ6Èˑ  
 ǭɭɾ07ͨëŐɋÆÈˑȜ1"/˃ȓƸǎȜOɑ)ǖȜ1"/7cɎ(ũʹ5 mL)
6¤4ʹ ȱŏ4ȱ˛")äƒʍͨëŐȱȥ 2 mL(ȶƆ 1 mg/ mL)OâLKcɎ(ň 5ʹ0 mL)
4˹ȱŏ 5 mLOâLKcɎ(ň)4cɎ(ũ)OâL)ƖcɎ(ň)Oş̾$K






Fig. 3-4. ˃ȓƸǎȜ4HKͨëŐ6ʴŻ͎Ęÿ6ȆƋį. 
 
 
2.3 ǭɭɾ0Êɑ")ˏʪ  
 ʅ 3ʂ0Êɑ")ˏʪ4́$KƥļOˋ 3-34ɱ$ 
 
 ˋ 3-3. ʅ 3ʂ0Êɑ")ˏʪ. 
ˏʪĚs ˑ̟ǿʮ 
ƤȬȄ EC-40R RhǺƋ¾ɲ 
àŔ͢ƛ̻ VH-S5, VH-Z250R ǺƋ¾ɲ\Wg 
́ǹķ͓Ő͢ƛ̻ JSM-5610 Ǜǭ͓ŐǺƋ¾ɲ 
͎ɽTY~ Helios NanoLab DualBeam  FEIC 
gbm 1H-D7 ZcǺƋ¾ɲ 
Xʟ͓ŐëàëǶȜ JPS 9010 TR  Ǜǭ͓ŐǺƋ¾ɲ 
ëàWkt M-2000 J.A.Woollam Co., Inc. 
ƛũ͞Ĺˈàɜà Nano 250 Opto Science. Inc 




2.3.1 ƛũ͞Ĺˈàɜà (µ-PL) 
 ʷɞ3ɜàɅƣ˥Î7˦ǒãÆI6ɜàg^tOȭŘ$K64ţ"µ–PL7ȾŧàO
h0ʗJŬƮɞ3ɜàɅƣ˥ÎOˉǭȭŘ07àŔ͢ƛ̻0˦ǒ6ÃʪĘN&O"405 
nm6 CWdO˦ǒ̬IȾŧ$K'6͌4gptcThO 500 nm@0͎à$K1
0ŬƮɞ3ɜàɅƣO˙ȭ$K(Fig. 3-5)˦ǒIɜɏ")àO CCDZ1ëàĪ0˛Ƕ$
KǭȭŘ7uTq6 Duisburg-EssenňŔ Axel LorkeɭɾŚ0ȭŘ") 
 











[1] T. Adachi et al., J. Am. Chem. Soc. 2013, 135, 870–876. 























3. ʖǷ1˛Ƕ  
3.1 πäƒͨëŐ6ʴŻʔʧÿ4H,/Ɛƫ$KɋÆ  
 ˃ȓƸǎȜ0ɑ)ëŐ7 F8TMT2(Mn = 31800, Mw/Mn = 2.46)2,7–CTMT2(Mn = 26000, Mw/Mn = 













ëŐÞŀ L/KɆƪ0͎Ęÿ"/K1OǝI4")(Fig. 3-7 a–d) 
 
Fig. 3-7. XSTEM˦ǒÈˑ6ig. (a)SEMOɑ/̃˅ìɂ˙Ţ$KɋÆO̩Ƶ. (b)(c)ov






3.2 πäƒͨëŐ6ŭƳɉ  





























Fig. 3-9. ė6ŭƳɉh (ͫ)1ȤˌÐǏk (͔). 
 (a)F8TMT2. (b)2.7–KTMT2. (c)PTTMT2. (d)AZO–ANI. 
 














































η k η k
Wavelength (nm) Wavelength (nm)
Wavelength (nm) Wavelength (nm)
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3.3 ɜàɅƣ  
3.3.1 ɋÆƐƫ4HKɅɛ3ɜàɅƣ (F8TMT2) 
 SEM ɕÛ6ȃ3ɋÆ6͎@,)({^)Ɇƪ1˅ʳɆƪ6ɜàg^tOȭŘ")$K1
{^Ɇƪ1˅ʳɆƪ16ɜàg^t6ƐɆ7ęȃ63*I3ɜàg^tO
ɱ$1ë,)(Fig. 3-10 a) 
 ȍ4ɋÆͱʋI6ɜàɅƣȭŘOɣɞ1"/ɋÆOĺǵ4ëǎ")Ɇƪ4İŘ$K)C4
ɋÆëǎȱȥ(F8TMT2)OgbtȜOɑ/ SiO2(200 nm)/Siĺǵ4ƫʳ")àŔ͢ƛ̻Û
IɋÆëǎ")Ɇƪ4ĺǵ4Œĳ$K1ëK(Fig. 3-10 b) 
 
Fig. 3-10. (a)F8TMT2˅ʳ(ͫ)1ɋÆ6͎@,){^Ɇƪ(͔)6ɜàg^t. 
(b)ëǎɋÆ6àŔ͢ƛ̻Û. 
 
 6ɋ 1ʋ4ţ"ȝ̼ 405 nmgptcTh 500 nm6d0ɋÆ6ʄ̬ëOȾŧ"ɜ

































Ɍ˱SprS_Oˉ,)[3]Ũâ")Ɍ˱Ƌ7à̼̇6ɛ3K TE u1 TM u6Ǳ
¼Ƌ0K(Fig. 3-13, Ƌ. 17–18) 
 
Fig. 3-12. Ɍ˱˞ʈ(̀)1řȭÖ(ͫ)6Ȓ̏1ŭƳɉ(inset).  






























































































































































Fig. 3-13. à6ƫë6ȆƋį. 
 
   

 




3.3.2 ɜàɅƣ6ʋƓÍŒƣ  

























































































































Fig. 3-14. ʋƓ4HKWGMɜàɅƣ1Ɍ˱SprS_.  

























































































3.4 ɜàɅƣ6dü̂ÃʪÍŒƣ  
 6ɜàWGMɜà0K1ˤƷ7ü̂àȾŧÃʪÍŒƣIDɯ˨0KɋÆ6͚
Ⱥ̗Ù4Ⱦŧ")ĽĘɜàɋå̬OǘĬ$K1ƞ%ĺǵ16ǀĴ̬ÃO̝̤$K(Fig. 15a)ĺ

































空気: η = 1.0
レーザー
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3.5 ͨëŐɋÆ6ʯ§ƣ˥Î  

















































3.5.2  TiO26ˋ͗ˍ˔4HKɜàɅƣ<6Ƒ͙  
 3.5.10Èˑ")ɋÆ6ʯ§ƣ6Ä ˮ͡0K1ë,)'0ʯ§ƣ6ě1Ǥ3
Kà6ýɉɞ3̾#̖COɣɞ1"HJŭƳɉ6ͨǮǒ0K TiO2(η2.5)0ɋÆ6ˋ͗6ˍ
˔O˦A)Ti6ʳĉ7 5, 20 nm1"ˍ˔ǖȜ7ɦɿ˃ɧȜ0ˉˋ͗6ʔƫɆƪO XPS0˙
ȭ")@)ʯ§ƣ˥Î7 F8TMT2ɋÆ1ęȃ6Ǳ¼0˙ȭ") 
 XPSȭŘ6ʖǷB.E= 406.2 eV6^(2p3/2)˙ȭ L)1ITi̯ÿ") TiO243
,/K1ǝI13,)(Fig. 3-17)[4] 
 




















Fig. 3-18. (a)5 nm(b)20 nm TiO2ˍ˔") F8TMT2ɋÆ6WGMɜàg^tȒ̏.(c)^ƎƆŅ
ÿpt(ͫ: W/O TiO2, ͔: 5 nm TiO2, ̀: 20 nm TiO2). 
 
 
3.5.3 C606ˋ͗ˍ˔4HKɜàɅƣ<6Ƒ͙  
 TiO21ęȃ˃ ɧĔʱ0ͨŭƳɉ0K1ë,/K C600ɋÆ6ˍ˔(20 nm)Oˉɜà
Ʌƣ˥ÎO˦A)C607ɦɿ˃ɧ0ƫʳ"ˍ˔6ȃŐ7 XSTEM0˙Ţ")ʖǷXSTEMÛ
I C607ɋÆO˔H4ƫʳ L/K1ǝI13,)(Fig. 3-19) I4µ-PLȭŘ
IC60OƫʳƖDWGMɜàOɜɊ$K­O˕*")(Fig. 3–20 a–d) 
 

























































Fig. 3-20. C600ˍ˔")ͨëŐɋÆ6ɜàg^t.  











































































3.6 ĺǵ4HKɜàɅƣ<6Ƒ͙  
 Ǥ3KWGMɜàɅƣɜɊ6Ȼ4ĺǵO SiO2(200 nm)/SiĺǵIɬʼĺǵ4Ņęȃ6ȭŘO
˦A)L@04ɑ/) SiO2(200 nm)/SiOɑɜàɅƣȭŘOˉ1ˈ àäͩWx]
ɹþ(Fluorescence Resonance Energy TransferʹFRET)ɜɏ"ɜàɅƣÄ4Ƒ͙$KĔʱƣK
1ë,)I0K[5]0 FRET 17̗ǀ")Ʉ˾̀0ü̂Wx]͓ɰȝ43
I%͓Ő6äͩ4HJɤǀɹþ$KɊ˶610K 




























 ǭȭŘ07dƎƆO 1.2 ,2.17, 2.91, 5.03, 9.15, 12.3, 16.70, 38.1, 86.5, 146, 199, 322, 561, 665, 
1430, 2340 (µW)1"ƎƆ6ƍ͜4dȾŧOˉ,)@)ȭŘ6͌47 AZO–ANIɋÆ
Oɑɜàȝ̼ 710, 720, 735 nm6^ƎƆOdȾŧƎƆ0pt")ʖǷ
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4. ʭŢ  




Ƌ 190ˋ LK 
	Q = λ /Δλ ⋅⋅⋅ 19( )  
0l7^ȝ̼∆l7'6^4KĄÖž0K 
 
ˋ 3-5. Ɍ˱˞ʈ4HKɦ6ɤƓ. 
F8TMT2 d (µm)a d (µm)b Qmaxc 2,7–CTMT2 d (µm)a d (µm)b Qmaxc 
 1.6 1.38 62  2.6 2.53 310 
 2.3 2.25 216  3.1 3.28 291 
 2.6 2.71 280  3.7 3.54 292 
 3.3 3.35 268  4.3 4.07 470 
 4.2 3.92 313  5.5 5.44 445 
 
PTTMT2 d (µm)a d (µm)b Qmaxc AZO–ANI d (µm)a d (µm)b Qmaxc 
 1.5 1.38 56  1.8 1.74 97 
 1.9 1.90 84  2.4 2.34 210 
 2.2 2.18 151  3.3 3.10 241 
 2.4 2.49 254  5.4 5.21 559 









4.2 ʋƓ4HKà6̾#̖CýǷ1 WGMɜɊ6"Ö  






)C1ʭILK(Fig. 3-23 a–b) 
 


































ɩ3^Oƹ-WGMɜàOɜɊ$K(Fig. 3-24 a) 
 »I4WGMɜɊ47ǣɉ̰˓3˓ĭ0K1NK'0 QÖ1ǣɉ6pt
Oˉ,)ʖǷ¶Ĭ6ȭŘǱ¼4́"/ʟƐɞ3́ÐOƹ-1ëJǦň QÖ 700ɻƆ




Fig. 3-24. (a)ɤƓ(ǣɉ)4HKãĎŧ6"E$ 6ȆƋį.  






4.4 ɋÆ ELʑŐÈˑ4ě/  
 L@04dü̂4HKWGMɜàO˙ȭ$K14ƫø")͓ ɖͥþ6ɋÆWGMɜ
à6Ȼ47ɋÆO̧͓ȀOÈˑ"3L83I3'0ɋÆ4 Ti ˃ɧOˉ,)Ɩɋ
ÆO^0͆ċ$K10ĺǵ4̬͓Ȁ1"/ɑK Ti @NJ̖@%4ƫʳ L/
32˙Ţ")ĺǵ7 SiO2(200 nm)/SiĺǵF8TMT26ɋÆOɑ/K 
 ʖǷɋÆO͆ċ")ĺǵO SEM ˙Ţ$K1˃ɧ6͌4ɋŒĳ"/3,)̬Ã47 Ti
ƫʳ L/Jɋ,)̬Ã7Ĵ6ebĺǵ˕/K1ëKLHJ
Ti7ĬJ̖B13ɋÆ4ƫʳ"/K1ëK(Fig. 3-25 a–b) 
 







5. ʖǷ1ˮ͡  
ʖǷ1¶Ɩ6ˮ͡  
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